logK PE + log) was developed, in which an equilibrium term (logK PE = logK OA +logf OM -11.91, 23 where f OM is organic matter content of the particles)and a nonequilibrium term (log, mainly 24 caused by dry and wet depositions of particles), both being functions of logK OA (octanol-air 25 partition coefficient), are included, . It was found that and the equilibrium is a special case of 26 steady state when the nonequilibrium term equals to zero. A criterion to classify the 27 equilibrium and nonequilibrium status for PBDEs was also established using two threshold 28 values of logK OA , logK OA1 and logK OA2 , which divide the range of logK OA into 3 domains: 29 equilibrium, nonequilibrium, and maximum partition domains; and accordingly, two 30 threshold values of temperature t, t TH1 when logK OA = logK OA1 and t TH2 when logK OA = 31 logK OA2 , were identified, which divide the range of temperature also into the same 3 domains 32 for each PBDE congener. We predicted the existence of the maximum partition domain (the 33 values of logK PS reach a maximum constant of -1.53) that every PBDE congener can reach 34 when logK OA ≥ logK OA2 , or t ≤ t TH2 . The novel equation developed in this study was applied 35 to predict the G/P partition coefficients of PBDEs for the published monitoring data 36 worldwide, including Asia, Europe, North America, and the Arctic, and the results matched 37 well with all the monitoring data, except those obtained at e-waste sites due to the 38 3 unpredictable PBDE emissions at these sites. This study provided evidence that, the newly 39 developed steady-state-based equation is superior to the equilibrium-state-based equation that 40 has been used in describing the G/P partitioning behavior in decades. We suggest that, the 41 investigation on G/P partitioning behavior for PBDEs should be based on steady state, not 42 equilibrium state, and equilibrium is just a special case of steady state when nonequilibrium 43 factors can be ignored. We also believe that our new equation provides a useful tool for 44 environmental scientists in both monitoring and modeling research on G/P partitioning for 4 1 Introduction 49 Atmospheric transport is a major mechanism to move most semivolatile organic 50 com pounds (S VOC s ), i ncl udi ng persistent organic pollutants (POPs), from 51 source regions to other remote places, including Arctic and Antarctic, where these 52 chemicals have never been produced and used (Barrie et al. 1992 ; Macdonald et al. (Bidleman, 1988 ). In addition, SVOCs are an important class of indoor pollutants that are 59 of great health concern to humans (Weschler and Nazaroff, 2008). The gaseous and 60 particulate SVOCs have different routes to enter human body, and therefore the 61 gasG/particle P partitioning for SVOCs has a significant influence on human exposure 62 (Weschler, 2003) . 63 The G/P partitioning behavior of SVOCs, K P , is commonly defined as (Yamasaki et al. 64 1982, Pankow 1991, Pankow and Bidleman 1991) 65 K P = (C P /TSP)/C G (1) 66 where C G and C P are concentrations of SVOCs in gas-and particle-phases (both in pg· m -3 of 67 air), respectively, and TSP is the concentration of total suspended particle in air (μg· m -3 ). 68 Thus K P has a unit of m 3 · μg -1 . In this study, the term of partition quotient instead of 69 partition coefficient, is used for K P , because partition coefficient is used for equilibrium 70 condition only, and Equation Eq. (1) was not defined under equilibrium condition. 71 The value of K P , calculated by Equation Eq. (1) using the monitoring data TSP, C P , and C G , 72 is denoted as K PM (subscript -M‖ in K PM means measurement). It has been shown that there is 73 a linear relationship between logK PM and logK OA (K OA is Octanoloctanol-air partition 74 coefficient) (Finizio et al. 1997 , Harner and Bidleman, 1998 , Pankow, 1998 and between 75 logK PM and logP L (P L is sub-cooled liquid vapor pressure) (Pankow, 1987; Bidleman and 76 Foreman, 1987; Bidleman, 1991, 1992 these two states, indicating a chemical is in equilibrium between two media (phases) as long 162 as its fugacities in the two media (phases) are equal no mater the system is steady or 163 unsteady. 164 We also noticed that, although equilibrium is actually an ideal event since such a system 165 cannot exist in real environment; this state has been successfully applied in some cases. 166 Good examples are to treat air-water exchange for gaseous pesticide -HCH and PCBs) other than the diffusion due to random molecular movement were 171 negligible, and the systems can be treated as equilibrium, thus the net flux of 172 gaseous-HCH between air and water, and gaseous PCBs between air and soil are zero. We realized, however, that the exchange of SVOCs between the gaseous gas-and particulate particle-phases is different since the advection processes, such as dry and wet depositions, 175 caused by an external force (gravity) on the particles, cannot be ignored in studying the 176 partitioning behavior of SVOCs between these two phases. Therefore, we suggest that the 177 steady state, not equilibrium state, should be applied here. To be simplified, we treat the particles as a film, called the particle film, with a thickness of 215 d0.1 μm, a surface area of A P =0.04A×TSP m 2 , as shown in Fig. S1 in the Supplement. The 216 ratio between A P and A is 217
which is a linear function of TSP. 219 In order to study the movement of SVOCs in air between air and particles, we adapted the 220 method used for the air-soil interface introduced by Mackay (2001). For diffusion, the 221 two-resistance approach is used, and the overall D values is given by
where D E is air boundary layer D value, D A and D H are diffusion D values of chemical in air 224 and water sub-phases in particle film, respectively. D E is deduced as the product of the 225 surface area of the particle film, A P (m 2 ), a mass transfer coefficient k V (m· /h -1 ), and the Z 226 value of air Z G , given by:
Here,
where B a is the chemical's molecular diffusivity in air (0.018 m 2 · /h -1 was assumed), and l a is 231 an air boundary layer thickness (0.00475 m was assumed) (Mackay 2001) . 232 In comparison to the soil surface in air-soil exchange, the particle-film that we suggested 233 in our model keeps moving within the atmosphere and thus has much more chances to 234 intersect with the chemical in gas phase. Therefore, the mass transfer coefficient will be Thus the term CB a is the chemical's molecular diffusivity for the particle film in air, and 239 itsThe value of C will be determined later. 240 Since most of the SVOCs (including PBDEs) are associated with the organic matter of the 241 particles, again for the sake of simplicity, the 2 terms, D A and D H , in Eq. (18) are neglected, 242 which becomes
The flux of PBDEs from gas phase to particle phase, N G-P , becomes 245 N G-P = f G D E (23) 246 and the flux from particle phase to gas phase, N P-G , is 247
If the term N P-S is dropped from Eq. (9), i.e., the net flux of particulate particle-bound 249 PBDEs between air and surface is neglected, we will have 250 N G-P = N P-G (25) 251 From Eqs. (23) and (24), the fugacities of a chemical in gas -phase (f G ) and in particle 252 -phase (f P ) are equal, and thus the steady state becomes equilibrium. Therefore, it is concluded 253 that equilibrium is just a special case of steady state when N P-S is ignored. 
where C' P (pg/m 3 of particle) and C G (pg/m 3 of air) are concentrations of SVOCs in 261 particulate particle-and gaseous-phases, respectively, and K PG is dimensionless 262 gas/particleG/P partition coefficient under equilibrium (= Z P /Z G ). Setting a parameter as (3), and log is the nonequilibrium term. Therefore, we have two predicted partition 280 coefficients: partition coefficient K PS under steady state when the system is at steady state, or 281 partition coefficient K PE under equilibrium when the system is at equilibrium. Equation Eq.
282
(31) indicates that the equilibrium is just a special case of the steady state when log= 0. temperature span, thus are represented by different portions of the curves in the Figure Fig. 1 , 318 accordingly showing different G/P partitioning behaviors. 319 There are three cases for G in Eq. (33b).
320
(1) G << C (D D + D W << D E ) 321 In this case, Eq. (33b) becomes 322 log= -log (1 + G/C) ≈ 0 (35) 323 which is equilibrium state. 324 (2) G=C (D D + D W = D E ) 325 In this case, Eq. (33b) becomes 326 log= -log 2 (36) 327 If we assume that f OM = 0.1 and C = 5, then we have the first threshold value from Eqs. In brief, as shown in Fig. 1 Another important parameter, the fraction of chemical on the particle phase, = 365 C P /(C G +C P )), can be calculated from K P as 366 is in both the EQ and the NE domains. It is noteworthy that, the major portions of log K OA for 442 the PBDE congeners in the NE-group were in the MP domain. These three domains can also 443 be identified in the temperature space. In Fig. 3 , the two threshold temperatures, t TH1 (the red 444 diamonds) and t TH2 (the red square), are also shown (the right axis), which is similar to Fig. 2 . 445 In the real ambient temperature range, formed by the two red dashed lines (- at the two sites. 465 We concluded for that the PBDEs in Chinese air at 15 sampling sites across China were in 466 the steady state instead of equilibrium state, in realizing that, for less brominated PBDE 472 There are only a few data available in the literature that we can compare to our prediction 473 data. 474 We predicted the partitioning behavior of gaseous and particle-bound PBDEs in the In brief, we cannot treat the gas-and particle-phases as a closed system for studying 575 gas/particleG/P partitioning behavior of PBDEs, since the third compartment, the surface of 576 the earth has to be considered. If the nonequilibrium term, log, in Equation Eq. (31) cannot 577 be ignored, then the fugacities of PBDEs in gas-and particle-phases are not equal, indicating 578 that the system is not at equilibrium but at steady state. For some low less brominated PBDEs 579 (such as BDE-17 and -28) at certain temperature, the values of log is small enough in 580 comparison to the value of logK PE in Eq. (31), which is considered as a small perturbation, 581 the system can be considered as equilibrium. In our previous study (Li and Jia, 2014), we predicted for the first time by an empirical 584 approach the existence of a maximum partition coefficient that every PBDE congener can 585 reach, and was wrongly termed as -saturation state‖. This prediction was confirmed in this 586 study by a theoretical approach. As shown in Fig. 1 , the logarithm of the maximum partition 587 coefficient logK PSM is equal to -1.53 (or K PSM = 0.03) when logK OA ≥ logK OA2 (=12.5 for all 588 PBDE congeners), or equally when the ambient temperature is smaller than or equal to t TH2 , 589 which is from -34.5 o C for BDE-17 to 15 o C for BDE-183, and cannot increase linearly along 590 with increase of logK OA as predicted by the straight line of logK PE . The difference of 591 prediction data between these two equations can be very great. For example, as shown in Fig.   592 1, the difference can reach as high as ~5.5 order of magnitude when logK OA = 17. Obviously, 593 the state in the MP domain is a steady state, but not an equilibrium state since the fugacities 594 of PBDEs in gas-and particle-phases are not equal. 595 The best example is the case for BDE-209 in the Canadian arctic Arctic site Alert predicted 596 by our new steady equation discussed previously (Fig. 5) . In fact, this is true for any PBDE 597 congener, not for BDE-209 only. As shown in Fig. 1 , the blue square with a temperature 598 range of -50 o C − 0 o C could most likely be the situation for the Arctic atmosphere. Fig. 2   599 shows that, for the 7 PBDE congeners (BDE-66, -85, -99, -100, 153, -154, and -183) , t TH2 > 0 available at present and planned for a future study. The case for the Chinese e-waste site is 643 also worth to mention. Our equation cannot be used at the e-waste sites and most likely at the 644 PBDE manufacturers as well since the emissions of PBDEs at these sites could be too large 645 and also variable with time so that the steady state cannot be reached or maintained 646 It should be borne in mind that the steady state discussed here is still an idealized scenario 647 since only dry and wet depositions were discussed in the study, other factors, such as 648 humidity and artifacts, will also play roles to a certain extent to affect the G/P partitioning.As 649 equilibrium is an idealized scenario not presenting in real environment, the steady state 650 discussed here is also an ideal one, since only dry and wet depositions were discussed. As 651 anticipated, results obtained from this study do not perfectly fit monitoring data. However, 652 this study revealed the major internal factors governing the gas-particle partitioning processes 653 for PBDEs, and explicated how these processes can be more correctly treated as being in 
G/P partitioning of PBDEs in air from other sources

Figure captions
